Abstract. The ion-to-neutral ratios of four commonly used solid matrices, α-cyano-4-hydroxycinnamic acid (CHCA), 2,5-dihydroxybenzoic acid (2,5-DHB), sinapinic acid (SA), and ferulic acid (FA) in matrix-assisted laser desorption/ionization (MALDI) at 355 nm are reported. Ions are measured using a time-of-flight mass spectrometer combined with a time-sliced ion imaging detector. Neutrals are measured using a rotatable quadrupole mass spectrometer. The ion-to-neutral ratios of CHCA are three orders of magnitude larger than those of the other matrices at the same laser fluence. The ion-to-neutral ratios predicted using the thermal proton transfer model are similar to the experimental measurements, indicating that thermal proton transfer reactions play a major role in generating ions in ultraviolet-MALDI.
Introduction
A lthough matrix-assisted laser desorption/ionization (MALDI) has been widely used in mass analysis [1, 2] , choosing the appropriate matrix is crucial for successful MALDI mass analysis. The selection of a matrix remains a trial-and-error process because the ionization mechanism of MALDI remains unclear. The generation of the first ions remains the most controversial aspect of the ionization mechanism.
The ion-to-neutral ratio is a crucial parameter used to characterize the properties of MALDI, and has frequently been used to justify the theoretical models of solid state ultraviolet (UV)-MALDI. Several studies have used ion yield [3] or degree of ionization [4] , which essentially represents the same properties as the ion-to-neutral ratio does [5] . Numerous studies have referenced five previous studies [6] [7] [8] [9] [10] for conducting ion-to-neutral measurements in solid state UV-MALDI. However, one of these studies did not report an ion-to-neutral ratio [10] . In two of these five studies, the ion-to-neutral ratios were measured outside the typical MALDI conditions [6, 7] . The other two studies reported the ion-to-neutral ratio of the analyte to be 2.5×10 −4 near the threshold, and 10 −7 (100 J/m 2 ) or 5×10 −6 (400 J/m 2 ) for the ion-to-neutral ratio of the matrix [8, 9] . These two studies have revealed the difference between the ion-to-neutral ratio of the analyte and the ion-to-neutral ratio of the matrix.
Numerous studies have cited the values of the ion-toneutral ratios reported in the four studies described above without specifying whether they were ion-to-neutral ratios of the analyte or ion-to-neutral ratios of the matrix [11] [12] [13] [14] [15] [16] . In addition, the original ratios obtained in these four studies have ranged from 2.5×10 −4 to 10 −7 (including the measurements taken outside typical MALDI conditions), but in numerous recently published articles [14] [15] [16] , the values have changed to 10 −3 -10 −4 without being specified for the matrix or the analyte and without clear reasons for the change of values. In our previous report [17] , we mentioned that using ion-to-neutral ratios without identifying whether they are for analytes or matrices may cause confusion. Consequently, possible errors may occur in the determination of the MALDI mechanism. For example, a thermal ionization of electronically excited matrix model [18] and an energy pooling model [3] predicted the ion-to-neutral ratio of the matrix to be 10 . The ion-to-neutral ratios of the matrix predicted from these two models were approximately 10 4 times greater than those derived from numerous experimental measurements [4, 9, 17, 19] , The predicted values were only close to the ion-to-neutral ratios of the analyte for certain analytes but not the ion-to-neutral ratios of the matrix.
Recently, we reported the upper limit of ion-to-neutral ratios of the matrix for 2,5-DHB and ion-to-neutral ratios of the analyte for various analytes in 2,5-DHB at 355 nm [17] . The ion-to-neutral ratio of the matrix was approximately 10 −8 near the threshold and became 3×10 −7 at increased laser fluences. The values of the ion-to-neutral ratios of the analyte for analytes with high proton affinity (bradykinin and tryptophan) were in the range of 10 , and were less than 10 −8 for analytes with low proton affinity (glycine). The considerable difference between the ion-to-neutral ratios of the matrix and ion-to-neutral ratios of the analyte was clearly demonstrated in the study. We reported only the upper limit of the ratios because of two reasons. First, we did not know the absolute ion transmission efficiency of the quadrupole mass spectrometer in the desorbed neutral measurement. We set the mass resolution of the quadrupole mass spectrometer as low as possible to increase the transmission efficiency, and used the highest ion transmission efficiency (100%) in calculations, producing the lower limit of neutrals. Second, the desorbed neutrals generated from every laser shot were averaged. However, in the desorbed ion measurement, laser shots that did not produce any ions were excluded when the ion counts were averaged. This produced the upper limit of the ion counts.
In the present study, we calibrate the absolute transmission efficiency of the quadrupole mass spectrometer, consider every laser shot in calculating the average ion number, and improve the calculations of the dielectric constant in the thermal proton transfer model. We report the ion-to-neutral ratios of the matrix of four common solid state matrices, α-cyano-4-hydroxycinnamic acid (CHCA), 2,5-dihydroxybenzoic acid (2,5-DHB), sinapinic acid (SA), and ferulic acid (FA) at 355 nm, and compared the results with the predicted values obtained using a thermal proton transfer model for solid state UV-MALDI [20, 21] . We chose these four common matrices because the absolute UV absorption coefficients of solid-state matrices at 355 nm, which is a crucial parameter in model calculations, are available [22] .
Experimental
The experimental methods for the detection of desorbed neutrals and ions were described in detail in a previous report [17] . Only a brief description is provided here. The calibrations of the absolute ion transmission efficiency of a quadrupole mass spectrometer are described in detail in this report.
Ion Detection
The relative ion intensity of MALDI-grade and non-MALDIgrade materials is measured using a commercial time-of-flight mass spectrometer (Autoflex III; Bruker Daltonik GmbH, Bremen, Germany). The absolute numbers of ions generated through MALDI are detected using a home-made time-offlight (TOF) mass spectrometer combined with an ion imaging system [17, 23, 24] . The number of ions are directly counted from the ion image or calculated from the image intensity detected using a photomultiplier tube (PMT). The experimental method was discussed in detail previously [17] .
The 355-nm laser beam is provided by the third harmonic of a Q-switched Nd:YAG laser (Spectra Physics Lab 190, pulse duration approximately 7 ns). The energy of the laser beam is controlled by a 355-nm 1/2λ wave plate and a polarizer. Energy is measured using a pyroelectric detector (Molectron, J3-09). After entering the vacuum chamber, the laser beam is focused using a lens (fused silica, f=25 cm). The spot size of the laser beam on the sample plate measured using the burn spot on the burn paper is 200 μm in diameter.
Neutral Detection
The desorbed neutral molecules are detected using a modified crossed molecular beam apparatus. Most of the details concerning the main chamber and detector chamber have been reported in previous studies [25, 26] . The details of the apparatus and the modifications made specifically for laser desorption studies have been described in previous reports [17, 27] .
The desorbed neutral molecules are detected using a rotatable quadrupole mass spectrometer. The rotatable quadrupole mass spectrometer can detect neutral molecules desorbed from a surface in angles ranging from −15°to 90°(0°is defined as normal to the surface) with a resolution of 1.5°. The distance between the sample surface and the ionization region of the mass spectrometer is 35 cm. The velocity distribution of each desorbed neutral molecule is obtained from the arrival time of the ionized neutral at the detector of the mass spectrometer. The angular resolved distributions of the desorbed neutral products are obtained by rotating the mass spectrometer around the laser spot on the sample surface. The amount of neutral desorption is determined by integrating the angles, velocities, and masses.
Laser desorption not only changes the molecules from the condensed phase to the gas phase but occasionally also causes small pieces of the solid sample to eject from the sample surface. The kinetic energies of these small pieces are either not sufficiently large to fly into the detector within the observation time window or are too small, such that they fall to the bottom of the vacuum chamber before entering the ionization region. The advantage of this method is that these pieces of the solid sample can be distinguished from the gas-phase molecules. The gas-phase molecules, including monomers and small clusters, are detected; the small pieces of the solid sample are excluded.
Pulsed laser desorption is achieved using the third harmonic (355 nm) of an Nd:YAG laser (Minilite II; Continuum Inc., San Jose, CA, USA; pulse duration approximately 7 ns). The laser light travels through a lens (fused silica, f=20 cm) onto the sample surface with a 45°incident angle. The beam spot size is the same as the spot size used in ion detection.
When calibrating the absolute transmission efficiency of the quadrupole mass spectrometer, the sample holder is replaced by a tube (1 cm in diameter, 8 cm in length) containing Ar gas. One end of the tube is sealed by a thin stainless-steel (0.1-mm thick) with a hole that is 0.5 mm in diameter. The position of the hole is located at the same position as the laser spot on the MALDI solid sample surface. The other end of the tube is connected to a pressure meter, controller, and Ar gas cylinder. The pressure inside the tube is controlled using a pressure controller (type 250E-1-D; MKS Instrument Inc., Andover, MA, USA) and monitored using a Baratron capacitance manometer (type 722A 1 Torr, model no. 722A01TGA2FJ; MKS Instruments Inc.). Ar atoms diffuse from the hole at the bottom of the tube and enter the main chamber. A portion of the Ar atoms fly directly into the detection chamber and are detected by the rotatable quadrupole mass spectrometer. Ar atoms that do not fly directly into the detection chamber are pumped out from the main chamber or differential pumped chamber.
Sample Preparation
Both MALDI-grade and non-MALDI-grade materials are investigated in this study. The MALDI-grade materials are purchased from Sigma Aldrich; for the non-MALDI-grade materials, 2,5DHB and SA are purchased from Acros Organics, Geel, Belgium and CHCA and FA are purchased from Sigma Aldrich. Details of the chemicals are described in the Supplementary Material. All the chemicals are used without further purification. Matrix stock solutions are prepared by dissolving the corresponding compounds separately in a 50% acetonitrile aqueous solution. The solution is vacuum-dried evenly on the sample holder. The thickness of the sample after being vacuum-dried is approximately 300 μm.
In both ion and neutral detection, the laser irradiation spot on the sample surface is located at the axis of the detection (TOF mass spectrometer or quadrupole mass spectrometer at 0°). The rotation axis of the sample holder is offset by 4 mm from the axis of detection. This enables us to use a new sample surface for laser desorption by rotating the sample holder without breaking the vacuum.
Results and Discussion

Ions
Comparison of MALDI-Grade and Non-MALDI-Grade Materials Table 1 non-MALDI-grade materials used in this study have similar orders of magnitude, and that most of the differences in ion intensity are caused by experimental uncertainty.
Absolute Ion Number We use CHCA as an example to demonstrate the data analysis. Figure 1 ] and the TOF mass spectra obtained from pure solid CHCA samples. Each image is obtained using a single laser shot. No ions are distributed at the edge of the detector, indicating that all ions are collected by the ion optics and detected by the micro-channelplate (MCP) detector. Two types of images are shown in Figure 1 . Figure 1a shows the image of low ion counts. Each ion generates a bright spot on the image when it is detected by the ion imaging detector. The numbers of ions can be counted directly from the images. In addition, we measure the signal obtained from the fast-decay phosphor by using the PMT simultaneously. The signal from the PMT, representing the TOF mass spectra of the same laser shot, is shown in the right column of Figure 1 . The relationship between the ion counts from the image and the PMT output voltage is established from the average of many low ion count measurements.
As the number of ions increase, the images of the ions overlap. A typical image for a high number of ions from a single laser shot is shown in Figure 1b . The number of ions cannot be counted directly from this image. Consequently, the PMT output voltage from the same laser shot is used to calculate the number of ions according to the relationship between the ion count and PMT output voltage determined using low ion count measurements.
In calculating the total number of desorbed ions, the parameters used are the ion intensity ratio of detected ions , and the ion detection quantum efficiency of the MCP (60%-85% for the ion kinetic energy of 6.5 KeV used is this study [28] ). The ion intensity ratio is fluence- The number of ions, after being corrected using the parameters described previously, is plotted as a function of laser fluence. The result is shown in Figure 2 . In this plot, only the related protonated matrix ions are considered. Ions unrelated to proton transfer, such as Na + , K + , and sodiated matrix ions, are not included in Figure 2 . Each data point in Figure 2 represents the averaged ion intensity derived from 100 laser shots. These 100 laser shots include 20 sample positions and five laser shots for each sample position.
Among these four matrices, the ion intensity of 2,5-DHB fluctuates significantly among the sample positions. Some positions generate numerous ions; some positions do not generate ions at all. The large fluctuation of ion intensity has been known for a long time, and it is related to the property of the Bsweet spot.^In this study, we report the average desorbed ions of 2,5-DHB in two types. One type is that every laser shot is taken into average. The other type is that only the laser shots that generate ions are taken into average. The results of 2,5-DHB in both types are plotted in Figure 2 . The difference between these two types is almost as large as two orders of magnitude at the laser fluence near the threshold, but it is reduced to less than one order of magnitude at high laser fluence.
Neutrals
Calibration of Detection Efficiency When calibrating the detection efficiency of the quadrupole mass spectrometer, the MALDI sample holder is replaced by a stainless steel tube containing Ar. The acceptant angle of the ionizer in the quadrupole mass spectrometer is 1.5°. The Ar flux, [Ar] , from the hole of the tube to the ionizer within the time period Δt can be calculated using the theory of gas kinetics [29] : ; the electron density in the ionization region, I e ; the duration of the Ar atoms in the ionization region, Δt i ; the Ar ionization cross-section, σ(Ar); the ion transmission efficiencies of the ion optics and quadrupole mass filter, Tr; and the quantum efficiency of the ion detector, Q:
where c=I e ×T r ×Q represents the instrument characteristics.
Comparing the Ar ions detected by the detector per second and the flux of Ar atoms derived from calculations enables the calculation of the entire ion detection efficiency. A total of 1.3×10 6 Ar ions are detected within 1 s for 10 mTorr of Ar pressure inside the tube under the conditions of a given mass resolution and the given filament current of the ionizer (1 mA). The duration of the Ar atoms in the ionization region, Δt i , is calculated using the length of the ionization region (3 cm) and the average velocity of the Ar atoms (398 m/s). Parameter c is determined to be 5.7×10 13 , based on the Ar ionization crosssection σ=3×10 −16 cm 2 [30] . An additional correction factor of instrument characteristics is the mass-dependent transmission efficiency, which depends on the mass of fragments. Generally, the correction factor is approximately 1.5-1.9 for the matrices we studied [31] .
Desorbed Neutrals We use CHCA as an example to demonstrate data analysis of the desorbed neutrals. The major ions of the mass spectra obtained using 70-eV electron ionization are m/z=189, 147, 117, 89, 39. A fragment ion intensity of m/z=89 is approximately 3.2% of the total ion intensity at 72-J/m 2 laser fluence. The TOF spectra of desorbed neutral molecules measured from various angles are shown in intensity and velocity increase as laser fluence increases, and the intensity decreases as the angle increases for a given laser fluence. Almost no signal is observed at more than 60°. The other ions exhibit a similar velocity and angular distributions.
The total amount of neutral desorption per laser shot is calculated using the following equation:
where I m/z is the ion counts at a given mass-to-charge ratio m/z, a given angle (θ,ϕ), and velocity v. In the experimental measurement of desorbed matrix neutrals, the mass Figure 4 . 
Ion-to-Neutral Ratios
The desorbed ions and neutrals described in previous sections are used to calculate ion-to-neutral ratios. Figure 5 shows the ion-to-neutral ratio as a function of laser fluence.
Thermal Proton Transfer Model
The thermal proton transfer model was successfully used to describe the ion-to-neutral ratio of 2.5-DHB in our previous study [20, 21] . Knochenmuss criticized the thermal proton transfer model recently [35] . We demonstrate that Knochenmuss applied the calculations under inapplicable conditions and that we applied the calculations under a suitable condition [36] . These criticisms are discussed in a separate paper [36] , and none of these criticisms are found to be valid in a MALDI process.
We apply this model to predict the ion-to-neutral ratios in this study. Details of the thermal proton transfer model and calculations were described in our previous report and Supplementary Material. Only a brief description is provided here.
In the thermal proton transfer model, ions generated through MALDI are primarily produced by thermally induced proton transfer reactions at high temperatures. When the temperature increases and the solid sample turns into a liquid, proton transfer reactions reach equilibrium because of the low barrier height of the proton transfer reactions and high collision frequency between molecules in the liquid. In a pure matrix sample, the thermal proton transfer reaction can be represented by Reaction 1:
M, (MH) + and (M-H) − represent the matrix, protonated matrix, and deprotonated matrix, respectively. After desorption, the ion intensities of various species may change because of the reactions that occur in the gas plume.
However, ion generation caused by the proton transfer reaction (forward reaction in Reaction 2) and ion-ion recombination (backward reaction in Reaction 2) in the gas phase quickly stops occurring because of the rapid gas plume expansion in the vacuum. Numerical calculations indicate that the number of ions generated in the gas phase or the number of ions involved in recombination is extremely small, such that the ionto-neutral ratio in the gas phase remains similar to the ratio in the liquid phase [20, 21] .
The equilibrium constant K for Reaction 1 in the liquid phase can be written as follows:
The Gibbs free energy for Reaction 1 is ΔG 1 . In accordance with the charge balance,
, the cation-toneutral ratio or anion-to-neutral ratio can be derived from the square root of Equation 3:
Therefore, the cation-to-neutral ratio and anion-to-neutral ratio can be predicted if the Gibbs free energy and the temperature are known.
Temperature
The temperature T in the irradiated volume prior to desorption can be described using the following heat equation:
where ρ 0 , c p , α, Φ, T 0 , F, Δm, and L denote the mass density before laser irradiation, specific heat capacity, absorption coefficient at 355 nm, fluorescence quantum yield of the solid matrix, initial temperature, laser fluence, desorbed molecules per unit area, and latent heat of fusion, respectively. The temperature-dependent heat capacity can be calculated on the basis of the molar heat capacity of the solid matrix by using a modified Einstein model and molecular vibrational frequencies from ab initio calculations. The details of the heat capacity calculations were described in a previous report [20, 21] and in the Supplementary Material. The calculated heat capacity of SA and FA is slightly larger than that of CHCA, and 2,5-DHB exhibits the smallest heat capacity. This is because the number , respectively [22] . The number of desorbed molecules per unit area is derived from the experimental measurements reported in this work. Typical latent heats of fusion for organic molecules exhibiting intermolecular hydrogen bonding are in the range of 10-30 kJ/mol [37] . The surface temperature T, calculated using Equation 5 , is shown in Figure 6 and represents the maximal temperature before desorption occurs. The temperatures of these four matrices are ordered in the sequence T(CHCA) >>T(SA)=T(FA)>T(2,5-DHB) because of the substantial difference in the absorption coefficients.
Gibbs Free Energy
The Gibbs free energy for Reaction 1 in the liquid phase, ΔG 1 , can be derived using the Gibbs free energies of the following three reactions:
Subscripts g and l represent the gas and liquid phases, respectively. The Gibbs free energy relationship for these reactions is ΔG 1 =ΔG 6 +ΔG 7 +ΔG 8 .
Reaction 7 represents the proton transfer that occurs in the gas phase. The heats of reaction ΔH 7 calculated using ab initio methods are 513.3, 521.6, 537.1, and 522.9 kJ/mol for CHCA, 2,5-DHB,FA, and SA, respectively. The details of calculations are described in the Supplementary Material. These four matrices exhibit a similar heat of reaction in the gas phase. An additional approximation ΔG 8 ≈ΔH 8 is used in the calculations.
The Gibbs free energies of Reactions 6 and 8 are calculated using the polarizable continuum model (PCM) [38] included in the Gaussian 09 computational package. The dielectric constant ε for polar liquids employed in the PCM was calculated using the Kirkwood-Frohlich equation (Equation 9 ) and Clausius-Mossotti equation (Equation 10) in our previous study.
However, the most appropriate method for performing dielectric constant ε calculations has been reported by Caillol et al. [39, 40] :
where ε ∞ , ρ N , μ, and k are the high-frequency dielectric constant, density, dipole moment, and Boltzmann constant, respectively. The typical values of correlation factor g for molecules contain an aromatic ring and substitution functions ranging and dipole moments μ employed in these equations are calculated using the Gaussian 09 computational package (MP2/6-31+G** method). Numerous conformers exist for each matrix, and the dipole moment of each conformer is distinct. The dipole moment for each matrix used in calculating the dielectric constant is the averaged dipole moment of the conformers, weighted by the fraction of the population comprising each conformer. The fraction of the population is calculated according to Boltzmann distribution. By contrast, the polarizability of each conformer is similar. The polarizability of the most stable conformer is used in the calculations of the dielectric constant. The geometries, energies, and dipole moments of the conformers, the temperature-dependent dielectric constant, and the solvation energy are presented in the Supplementary Material. The Gibbs free energy of Reaction 1 is shown in Figure 7 . Generally, the heat of reaction increases with temperature because the dielectric constant decreases as the temperature increases, resulting in a decrease in solvation energy.
The ion-to-neutral ratios derived from the calculations represent the ion-to-neutral ratio in the condensed phase. Because the ion loss from ion-ion recombination and ion generation from the thermal proton transfer reaction are both small in gas plume [20, 21] , the ion-to-neutral ratios derived from the calculations are close to the ion-to-neutral ratio of the gas plume after expansion. They are shown in Figure 5 for comparison with the experimental results. The ion-to-neutral ratio of CHCA is approximately three orders of magnitude higher than that of the other three matrices at the same laser fluence. The absorption coefficient of CHCA at 355 nm is 2.8 times higher than that of SA and FA, and 3.7 times higher than that of 2,5-DHB. The calculations indicate that the temperature of CHCA is approximately 2 to 3 times higher than that of the other matrices, as illustrated in Figure 6 . The difference in the Gibbs free energy of Reaction 1 among these matrices is only approximately 25%. Therefore, the high ion-to-neutral ratio of CHCA mainly results from the high temperature.
The ion-to-neutral ratios of CHCA, 2,5-DHB, SA, and FA calculated using a thermal proton transfer model indicate an analogous trend and exhibit orders of magnitude that are similar to those derived from experimental measurements. The calculations are performed without using any fitting parameters, and the results provide only an estimated order of magnitude of the ion-to-neutral ratios of the matrices. The difference between the values derived from this model and the experimental measurements is considerably smaller than the difference between the values derived from the other models and the experimental measurements. For example, ion-to-neutral ratios derived from the energy pooling model and the electronically excited matrix model differ by approximately 4 to 5 orders of magnitude from those derived from the experimental measurements. The findings of this study indicate that thermally induced proton transfer must be the dominant reaction in ion generation that occurs in MALDI processes. Although we do not exclude the possibility that other mechanisms contribute to ion generation, the contribution of those mechanisms are likely to be small.
